The use of bacteriophages in the treatment and prevention of infections by the fish pathogen Flavobacterium psychrophilum has attracted increased attention in recent years. It has been shown recently that phage delivery via the parenteral route resulted in immediate distribution of phages to the circulatory system and the different organs. However, little is known about phage dispersal and survival in vivo in rainbow trout after delivery via the oral route. Here we examined the dispersal and survival of F. psychrophilum phage FpV-9 in vivo in juvenile rainbow trout after administration by three different methods-bath, oral intubation into the stomach, and phage-coated feed-with special emphasis on the oral route of delivery. Phages could be detected in all the organs investigated (intestine, spleen, brain, and kidney) 0.5 h postadministration, reaching concentrations as high as ϳ10 5 PFU mg intestine ؊1 and ϳ10 3 PFU mg spleen ؊1 within the first 24 h following the bath and ϳ10 7 PFU mg intestine ؊1 and ϳ10 4 PFU mg spleen ؊1 within the first 24 h following oral intubation. The phages were most persistent in the organs for the first 24 h and then decreased exponentially; no phages were detected after 83 h in the organs investigated. Phage administration via feed resulted in the detection of phages in the intestine, spleen, and kidney 1 h after feeding. Average concentrations of ϳ10
S
everal studies have examined the potential of using bacteriophages (phages) for the control of infections with Flavobacterium psychrophilum (1) (2) (3) , the Gram-negative fish pathogen responsible for rainbow trout fry syndrome (RTFS) in salmonid hatcheries worldwide (4) (5) (6) (7) (8) (9) (10) (11) . Today, RTFS is treated with antibiotics; however, the change in the antibiotic resistance patterns of F. psychrophilum (12, 13) , combined with the fact that no commercial vaccine against RTFS is yet available (14) (15) (16) (17) (18) , has led to increased attention to the use of phages for controlling F. psychrophilum infections in aquaculture.
Recently, application of F. psychrophilum phages isolated from Chilean salmon aquaculture was shown to reduce mortality in Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss) (15 to 30 g) following intraperitoneal (i.p.) injection of the phages together with their host strain (10 9 PFU and 10 8 CFU per fish, respectively) (3). In a preliminary study, however, no significant reduction in fish mortality was detected following i.p. injection of F. psychrophilum phage FpV-9 (1) into rainbow trout fry that had been injected i.p. with F. psychrophilum (10 4 PFU and 10 4 CFU per fish, respectively) (unpublished results). It was suggested that the lack of therapeutic effect in this case was due to the low dose of phages administered. Success in the application of phages against fish pathogens depends on the ability of the phages to reach the target organs in the fish at sufficiently high concentrations to control the pathogen (19) (20) (21) , making phage delivery methods the key to successful therapeutic use of phages (22, 23) . Different routes of phage administration have been used in studies with fish and shellfish; the most popular are the parenteral and oral routes, while immersion/ bath or the addition of phages to the water has also been used (19, (23) (24) (25) . The immediate distribution of phages to the circulatory system following parenteral delivery has proven it to be one of the most successful delivery methods in animal studies (23) , and this has also been the method of choice in experiments with fish (3, 19, 26, 27) . The disadvantages of this delivery method, however, are that the injection of phages is laborious when the number of animals is high, when the animals are very small, and when continuous treatment is required. Oral administration of phages, on the other hand, enables simultaneous treatment of a large number of fish and easy continuous delivery of phages (28) .
One main issue with phage delivery via the oral route is phage stability in the highly acidic and proteolytically active environment of the stomach. It has been demonstrated that pH is very important for the infectivity of phages (2, 19, 23, 29) and that the infectivity of phage FpV-9 is immediately lost at pH Ͻ3 (19) .
Another issue with oral delivery is the ability of orally applied phages to infiltrate from the intestinal tract into the circulatory system (30, 31) . Studies in mice (32) , rabbits (33) , and goldfish (22) have shown that phages are capable of penetrating the intestinal wall, and administration of phage-coated feed has been used successfully to treat Pseudomonas plecoglossicida infections in ayu (24, 25, 34) and Flavobacterium columnare infections in catfish (35) .
The lytic ability and survival of phages in the fish can be affected by numerous factors, e.g., the delivery mechanism, multiplicity of infection, fish immune response, physical and chemical environment, and development of phage-resistant bacteria (19) . F. psychrophilum phage FpV-9 was rapidly spread to the internal organs following i.p. injection (19) ; however, the rate of phage decay in the target organs was high, a phenomenon also observed in other studies (2, 31, 32, 35, 36) . Administration of a higher dose to compensate for the fast phage decay in vivo has been suggested (36) . Alternatively, using phage-coated feed might overcome the problem, since it allows continuous delivery of phages.
Further development of the application of phages to control F. psychrophilum infections in aquaculture requires a better understanding of phage activity, survival, and dispersal in rainbow trout following oral administration. The aim of this study was to examine the dispersal and survival of F. psychrophilum phage FpV-9 in vivo in juvenile rainbow trout after administration by three different methods: bath, oral intubation into the stomach, and phagecoated feed.
MATERIALS AND METHODS
Bacterial strain. In this study, a well-characterized Danish strain, Flavobacterium psychrophilum 950106-1/1 (serotype Fd, ribotype A, carrying a 3.3-kb plasmid, virulent) was used. The strain was originally isolated from a rainbow trout during a clinical outbreak of RTFS in a freshwater farm in 1995 and was identified both biochemically and serologically (37) (38) (39) . The strain was stored at Ϫ80°C in tryptone-yeast extract-salts broth (TYES-B) medium (40) with 15 to 20% glycerol. The strain was inoculated straight from the Ϫ80°C stocks into 5 ml TYES-B and was incubated at 15°C with agitation for 48 h before further use in liquid cultures or on solid medium consisting of TYES-B with 1.1% agar (TYES-A).
Bacteriophage. The bacteriophage used, FpV-9, was originally isolated from pond water from a Danish freshwater rainbow trout farm and has been characterized as belonging to the family Podoviridae, with a head size of ϳ60 by 63 nm and a tail length of ϳ172 nm. It has a genome of 48 kb, a latency time of 4 h, a burst size of ϳ37 phages per infected cell, and an adsorption rate of ϳ0.016 h Ϫ1 (1). FpV-9 has been described as lytic and infective to a broad range of strains of F. psychrophilum, including the host strain (1) . High-titer concentrates of FpV-9 were prepared from plates with confluent lysis (1) and were kept in SM-buffer (50 mM Tris-Cl [pH 7.5], 99 mM NaCl, 8 mM MgSO 4 , 0.01% gelatin) at 5°C in the dark. The phage stocks used in the experiments were examined for bacterial contamination by plating 100 l onto a TYES agar plate, and the plates were incubated for 5 to 7 days at 15°C before being checked for bacterial growth.
Fish used in the experiments. Juvenile rainbow trout (Oncorhynchus mykiss) from the same batch of eggs originating from Fousing Trout Farm (Jutland, Denmark) were used in this study. Hatching and disinfection were carried out at AquaBaltic (Bornholm, Denmark). Upon arrival at the aquarium facilities, the fish were acclimatized for at least 1 month in 200-liter tanks containing 15°C recirculated tap water (nonchlorinated) with an air supply, while the ammonia, nitrite, and nitrate contents of the water were monitored with ammonia test strips (catalog no. 27553-25; Hach) and nitrate/nitrite test strips (catalog no. 27454-25; Hach) to ensure the functionality of biological filters. The fish were fed dry commercial feed (Inicio Plus; BioMar A/S, Denmark) at 1% of biomass per day. To ensure that the fish were free of bacterial infections upon arrival, bacteriological examination of 10 to 20 fish was conducted according to the procedure described by Henriksen et al. in 2013 (41) . The fish showed no sign of disease at any time and were, to our knowledge, free of bacterial infections.
In both experiments (Table 1) , the largest and the smallest fish were removed, in order to minimize size differences, before fish were randomly divided into the experimental groups. Water was changed twice a week, while the conditions of the fish and aquaria were monitored at least twice per day. Fish for sampling, moribund fish, and fish that were alive at the end of the experiment were killed by an overdose of 3-aminobenzoic acid ethyl ester (MS-222; Sigma) in water.
The fish experiments were carried out in accordance with the internationally accepted guidelines for the care and use of laboratory animals in research, and procedures were approved by the Committee for Animal Experimentation, Ministry of Justice, Copenhagen, Denmark (J.nr. 2012-15-2934-00629). The fish were inspected several times a day during the experiments, and precautions were taken to minimize stress by keeping the fish in opaque tanks, minimizing handling, and monitoring water chemistry. Experiment 1. (i) Phage administration by bath or oral intubation into the stomach. An experiment was carried out to examine the dispersal, distribution, and decay of phage FpV-9 in juvenile rainbow trout following phage administration by two different methods. Fish (total number, 144; mean weight, 5.6 g; standard deviation [SD], 2.0 [ Table 1 ]) were randomly divided into six groups, each consisting of 24 fish, and were kept in 30-liter tanks. Fish in two tanks served as duplicates and were administered phages by bath treatment, whereas fish in one tank served as controls and received no treatment. In parallel duplicate tanks, fish were administered phages by oral intubation, with the final tank serving as a control where fish were administered sterile SM-buffer by oral intubation. Fish were bath challenged for 30 min in 2.5 liters of tap water containing bacteriophage at a concentration of 10 8 PFU ml Ϫ1 (phage concentrations were determined by the double-layer method described by Stenholm el al. in 2008 [1] ) and were then transferred back to their original tanks (Table  2 ). Oral intubation of phages was carried out using a soft rubber tube with a diameter of ϳ2 mm mounted on a 1-ml syringe. The fish were anesthetized with 3-aminobenzoic acid ethyl ester, and the rubber tube was gently guided through the oral cavity and into the stomach, where 0.1 ml of a phage stock containing 10 9 PFU/ml was inoculated (Table 2) . Each fish was immediately transferred back to the original tank after phage injec- a Values for fish weight, fish length, intestine weight, and spleen weight are means (SDs). The water temperature was 15°C in both experiments. b Experiment 2 was conducted without replicates. Thirty-eight fish in the control group received commercial feed; 12 fish were fed phage-coated feed once and then commercial feed for the rest of the study; and 38 fish were fed phage-coated feed throughout the experiment, except for the last sampling.
tion. The same procedure was conducted for the control group, where 0.1 ml of sterile SM-buffer was inoculated. Throughout the experimental period, the fish were fed a minimum amount of feed.
(ii) Sampling. During the experiment, 1 ml water and 2 live fish were sampled from each tank (12 fish at each sampling), first at 0 h (before phage addition) and then at 0.5, 5, 11, 21, 27, 50, 70, 83, 123, 171, and 315 h after phage addition. The weight and length of each fish were measured, and organ samples from the intestine, spleen, brain, and kidney were transferred to Eppendorf tubes containing 300 l SM-buffer and 5 l of chloroform for qualitative detection of phages. Only samples from the intestine and spleen were weighed to allow a quantification of weightspecific phage abundance. Each organ was smashed with Eppendorf micropestles, sonicated for 15 s at 20 kHz (19) to homogenize the organs, and vortexed for 15 s. Fifteen microliters of chloroform was added to the water samples, and all the samples were stored at 5°C in the dark until further use for qualitative and quantitative examination of the presence of phages.
The fish from the final sampling (315 h) were further examined for the occurrence of F. psychrophilum. Samples from the spleen, brain, and kidney were streaked onto TYES plates and blood agar plates and were incubated for 7 days at 15°C for TYES plates and at 20°C for blood plates. No growth was seen on the agar plates.
Experiment 2. (i) Phage administration by phage-coated feed pellets.
A third method of phage administration was used in this experiment in order to determine whether phage-coated feed might be a suitable method for administering phages to the fish. Fish (mean weight, 78 g; SD, 20.9 [ Table 1 ]) were randomly divided into three groups (three 200-liter tanks in all, and a total of 88 fish). One group of fish (12 fish in total) received phage-coated feed once and commercial fish feed for the rest of the experimental period. Another group of fish (38 fish in total) received phage-coated fish feed throughout the experiment except for the last feeding. Fish in the control group (38 fish in total) received commercial fish feed. The phage-coated feed used for the in vivo studies was stored at 5°C. Partly coated Inicio Plus pellets (2 mm; BioMar A/S, Denmark) suited for further coating with phages were coated with bacteriophage FpV-9. A 2.5-ml phage stock (containing 10 9 PFU ml Ϫ1 ) was applied per 100 g fish feed, using a spray bottle and a hand mixer, and the phage-coated feed was stored at 5°C (work done at BioMar A/S). All groups were fed at 2% of biomass per day (Table 2) .
(ii) Sampling. Sampling was conducted as described for experiment 1, with some minor changes. Two live fish were sampled from the control group and the group fed phage-coated feed through the whole experiment, first at 0 h (before phage addition) and then at 1, 7, 24, 25, 31, 48, 49, 55, 72, 73, 79, 144, 145, 151, 192, 193, 199 , and 384 h after the first sampling, while two live fish were sampled from the group only fed once with phage-coated feed at 0 h (before phage addition) and at 1, 7, 24, 48, 72, 144, and 192 h after the first sampling. Water samples were taken at 0, 2, 5, 8, 11, and 14 h after the start of the experiment. Since the fish in experiment 2 were larger than those in experiment 1, organ samples were transferred to Eppendorf tubes containing 800 l SM-buffer and 15 l chloroform.
Qualitative detection of bacteriophages in fish organs. Qualitative examination for the presence of phages in the intestine, spleen, kidney, and brain was carried out by the spot test method (1, 19) . TYES plates with a bacterial lawn of the F. psychrophilum host strain were prepared by adding 300 l of bacterial cells in the exponential-growth phase (optical density at 525 nm [OD 525 ], 0.2 to 0.3; 48-h-old culture) to 4 ml of 43°C top agar (TYES broth with 0.4% agar), and the mixture was immediately poured onto a cold TYES agar plate and was incubated at 15°C to solidify (19) . The diluted organ samples were briefly centrifuged at 5,000 ϫ g for 2 min, and triplicate 5-l samples from the supernatant of each sample were added to the TYES plates containing the bacterial lawn of the host strain and were incubated for 3 days at 15°C in the dark. Spot tests were considered positive if total lysis or single plaques were seen at the site of spots in one or more of the triplicate samples.
Quantification of bacteriophages in fish organs. Quantitative examination of the abundance of infectious phages was carried out in the intestine and the spleen samples. The weight-specific phage abundance was quantified by the spot test method described above. Those of the spots obtained in the qualitative examination that contained a countable number of plaques (1 to 30 phages per 5-l sample) were counted directly, while spots with total lysis or overlapping plaques were diluted in a 10-fold dilution series (5 l of sample to 45 l of SM-buffer), and triplicate 5-l samples from each dilution were added to TYES agar plates as described in the preceding paragraph and were incubated for 3 days at 15°C in the dark. The number of plaques was then counted from the preferred dilution.
Bacteriophage infectivity on fish feed pellets. In the experiment with fish feed pellets, the loss of phage infectivity over time at different temperatures was monitored after phage addition and desiccation of feed pellets. The feed pellets were coated with phage FpV-9 as described under "Experiment 2" above and were stored at 20°C, 5°C, or Ϫ80°C. Phage-coated fish feed samples were collected at days 1, 30, 60, 102, and 259. For each sampling, 0.1 g feed was added to triplicate 15-ml Falcon tubes containing 5 ml SM-buffer, vortexed for 20 s, and incubated at 5°C for 1 h, followed by homogenization by sonication at 47 kHz for 2 min in a water bath. The homogenized samples were diluted, and the abundance of infectious phages was determined by plaque assays using the host strain (1, 19) . The exponential rate of infectivity loss (decay rate) was calculated for each treatment from the decrease in PFU over time, based on the linear regression of ln-transformed PFU data with time, using the SigmaPlot program, version 11.0. The decay rates thus represent the fraction of the phage population that was lost per unit of time of incubation.
RESULTS
Qualitative detection of bacteriophage FpV-9 in juvenile rainbow trout after phage administration by three different methods. Phage administration by bath or oral intubation (experiment 1) resulted in a quick spread of phages to all the organs investigated for around 21 to 27 h, followed by a decrease in the frequency of phage detection ( Fig. 1 and 2 ). The persistence of phages over time differed considerably for the different organs; infective phages were detected for ϳ70 h in the intestine and kidney, whereas only half of the spleen and brain samples contained infective phages 21 to 27 h after addition. Phages were detected in brain and kidney samples from two fish after 123 and 171 h (Fig. 1) .
Phage administration by use of phage-coated feed pellets (experiment 2) resulted in the spreading of phage FpV-9 to the intestine, spleen, and kidney within the first hours after feeding, whereas phages were detected in only two of the brain samples examined (Fig. 3) . In the tank where the fish were fed phagecoated feed only once before changing to commercial feed, all the intestine and kidney samples contained phages 7 h after phage addition, whereas phages were found in only ϳ50% of the spleen samples examined within the first 24 h (Fig. 3) . No phages were found in fish from this tank after 24 h, except for one intestine sampled at 48 h. Continuous feeding with phage-coated feed led to persistent detection of phages throughout the duration of the experiment. The detection of phages was most persistent in the intestine, while phages were in general found in only 40 to 50% of the spleen and kidney samples sampled. After the last feeding with phage-coated feed (at 192 h) in this tank (Fig. 3) , the fish were fed commercial feed once every day for the rest of the experiment, resulting in complete loss of infective phages from all organs at the final sampling at 384 h. Quantification of bacteriophage FpV-9 in juvenile rainbow trout after phage administration by three different methods. Quantitative analysis of the persistence of phage FpV-9 in the intestine and spleen supported the qualitative observations ( Fig. 4  and 5 ; Table 3 ). After phage administration by bath (experiment 1), the abundance of phages could be quantified in the intestine and in the spleen after 0.5 h, reaching concentrations of ϳ10 4 and ϳ10 3 PFU mg organ Ϫ1 , respectively, though with considerable variations between the fish (Fig. 4A) . The phage concentration in the intestine reached a maximum of ϳ10 5 PFU mg intestine Ϫ1 in one sample after 5 h (average concentration at 5 h, 5.3 ϫ 10 4 PFU mg intestine Ϫ1 ), and then the detection frequency decreased to an average of 1.2 PFU mg intestine Ϫ1 at 83 h. No phages were found after this time point (Fig. 4A) . In the spleen samples, phages were quantified during the first 27 h, reaching a maximum of ϳ10 3 PFU mg spleen Ϫ1 in one sample after 30 min (average, 5.7 ϫ 10 2 PFU mg spleen Ϫ1 ). No phages were detected in the spleen samples after 27 h except for one sample at 70 h. On average, phage density was ϳ100-fold lower in the spleen than in the intestine between 0.5 h and 70 h post-phage administration. Plotting of the average phage density obtained in all samples from experiment 1 showed a significant exponential loss of infective phages from the intestine over time after the initial addition (Fig. 5A) , at a rate of 0.10 Ϯ 0.02 h Ϫ1 (P Ͻ 0.01) ( Table 3 ). In the spleen, the loss of phage infectivity did not follow a significant exponential decay curve (decay rate, 0.03 Ϯ 0.03 h Ϫ1 ; P Ͼ 0.05) ( Fig. 5A ; Table 3 ). Phage administration by oral intubation into the stomach resulted in ϳ100-fold higher phage recovery in the intestine and 10-fold higher phage recovery in the spleen than those with the bath administration (Fig. 4A) , reaching averages of ϳ10 6 PFU mg intestine Ϫ1 and ϳ10 4 PFU mg spleen Ϫ1 (Fig. 4B) . The highest phage concentration in a sample was found at 11 h with ϳ10 7 PFU mg intestine Ϫ1 and at 5 h with ϳ10 4 PFU mg spleen Ϫ1 . Phages were maintained at high densities in both intestine and spleen samples for the first 27 h and 21 h, respectively (Fig. 4B) , followed by exponential decreases of 0.19 Ϯ 0.02 h Ϫ1 and 0.14 Ϯ 0.04 h Ϫ1 , respectively (P Ͻ 0.05) ( Fig. 5B; Table 3 ). Phages were not detected in the intestine after 83 h or in the spleen after 21 h, except for one spleen sample at 70 h (Fig. 4B) . Around 1,000-fold fewer phages, on average, were found in the spleen than in the intestine from 0.5 h to 70 h post-phage administration.
Administration of bacteriophage via fish feed pellets (experiment 2) showed remarkably different results: the fish sustained a constant abundance of phages in the intestine samples throughout the experimental period, at an average of 4.5 ϫ 10 3 PFU mg intestine Ϫ1 (1 to 199 h post-phage administration) (Fig. 4C) . A similar result was seen for the spleen samples, although phages were found only in about 50% of the samples investigated; the abundance ranged from 2 PFU mg spleen Ϫ1 at 24 h to 6.9 ϫ 10 2 PFU mg intestine Ϫ1 at 31 h, with an average of 5.2 ϫ 10 1 PFU mg spleen Ϫ1 from 1 h to 199 h post-phage administration. On average, the abundance of phages in the spleen was 100-to 1,000-fold lower than that in the intestine (3.9 ϫ 10 3 PFU mg intestine
Ϫ1
) throughout the experiment. Averaging the phage density over time showed a more or less constant recovery of phages over the duration of the experiment (200 h) with no significant changes ( Fig. 5C ; Table 3 ).
Quantification of bacteriophage FpV-9 on feed pellets. The rate of loss of the infectivity of phages used to coat fish feed pellets differed with storage temperature (Fig. 6 ; Table 4 ). The highest decrease in phage infectivitywasseenforfeedstoredat20°C,withadecreasefrom4.7 ϫ10 (r 2 ϭ 0.94; P Ͻ 0.01), corresponding to 10% survival after 259 days. The best conservation was obtained at Ϫ80°C, with the phage infectivity decreasing from 4.7 ϫ 10 7 PFU g feed Ϫ1 24 h postcoating to 2.7 ϫ 10 7 PFU g feed Ϫ1 after 259 days. This corresponded to a decay rate (0.00012 Ϯ 0.00008 h Ϫ1 ; r 2 ϭ 0.44; P Ͼ 0.05) 7-fold lower than that seen at room temperature and to 61% recovery after 259 days ( Fig. 6; Table 4 ).
DISCUSSION
The use of phages for the control of fish pathogens in infected fish depends on the ability of the phages to reach the target organs at a sufficient density and to maintain their lytic potential to control the pathogen. F. psychrophilum phage FpV-9 has been shown to spread rapidly to internal organs in trout after i.p. injection (10 7 PFU fish Ϫ1 ), but the fast phage decay in the organs resulted in almost no detection of phages after 72 h (19) . The fast phage decay seen in fish as well as other animals (2, 31, 32, 35, 36) after phage delivery through the parenteral route makes the timing of phage injection crucial for effective control of the pathogen.
In the present experiment, we tested phage administration through the oral route as an alternative to the parenteral route. The dispersal and abundance of infectious phages in juvenile rainbow trout was investigated following the administration of phage FpV-9 by three different methods: bath, oral intubation into the stomach, and phage-coated fish feed pellets. The last administration method allowed continuous delivery of phages to the fish. Dispersal and recovery of phages in fish organs. In the groups where phages were administered by bath or oral intubation (experiment 1), the phages were rapidly and efficiently spread to all the organs investigated. Detection of phages in the spleen, brain, and kidney proves that orally administered phages can penetrate the intestinal barrier and can be absorbed into the circulatory system. This process has been described as similar to bacterial translocation, although the precise processes controlling the viral translocation are unknown (22, 23, 30) . It has been suggested that phage passage is determined by a number of factors, including phage concentration and phage interaction with gut immune cells (30) .
The same rapid and efficient spread of phages was seen in the groups to which phages were administered via phage-coated feed pellets (experiment 2), except for the brain samples investigated. The reduced phage recovery in the brain tissue is most likely an effect of the lower initial concentration of phage in fish treated by this method than in fish treated by the oral intubation or bath administration method used in experiment 1. Moreover, this finding is supported by other studies where the concentration of phages found in the brain was approximately 100 times lower than that in the blood following intravenous (i.v.) injection of phages into mice (32, 42) . Together, these results indicate that a high phage concentration is important if the phages are to be spread to all the internal organs via the circulatory system, especially if they are to cross the blood-brain barrier.
It should also be noted that large differences in phage recovery were seen between fish in the same group at the same sampling point. This was possibly due to unequal consumption of phagecoated feed at each feeding, potentially resulting in unequal delivery of phages to individual fish.
Decay of phages following administration. Even though the phages were rapidly spread to the internal organs following delivery by all three administration methods, fast decay of phages was observed in the intestine and spleen, reaching a rate of 0.03 or 0.14 h Ϫ1 in the spleen and 0.10 or 0.19 h Ϫ1 in the intestine after administration by bath or oral intubation, respectively. The decrease in Table 3 .
the number of phages in the intestine is, according to our results, caused by the permeation of phages through the intestinal wall and into the bloodstream, although some might be lost in other ways, for example, in feces or by nonspecific adsorption. The 100-to 1,000-fold lower number of phages quantified in the spleen than in the intestine might indicate a loss of infective phages in the process of passing through the intestinal wall. These results correspond with the findings of Kawato and Nakai, where the number of phages found in the kidney was 10 4 to 10 5 times lower than that in the intestine following anal intubation of phages into goldfish (22) . Here it was suggested that this inefficiency of transfer through the intestinal wall was caused by limited entry portals for phages in the intestine.
Many factors that could contribute to phage decay in the organs have been described. In a previous study, it was argued that irreversible adsorption to fish tissue might be one factor regulating phage infectivity (19) . Although it was reported that no antiphage antibodies were detected in yellowtail and ayu after oral treatment and intramuscular (i.m.) injections of bacteriophages (25) , several other studies have reported humoral immunity in individuals subjected to phage therapy, leading to the production of phage-neutralizing antibodies that result in the inactivation of bacteriophages in vivo (21, 36, 43, 44) . Phages are also known to interact with the innate immune system, which plays an important role in removing phages from higher organisms by filtration in the spleen, liver, and other filtrating organs of the reticuloendothelial system (31, 36, 43, 45) . The concentration of phages found in the spleen in our study might be caused by this filtration. The impact that an immune response in fish might have on phage therapy is difficult to assess and needs further investigation, but reports from other animal studies clearly indicate that this is likely to be one factor contributing to phage decay.
An issue relating to phage delivery via the oral route is phage stability in the highly acidic and proteolytically active environment of the stomach (2, 19, 23, 29) , and a loss of phages during passage through the stomach is expected. Previous studies have shown that pH is one important factor affecting the infectivity of phage FpV-9; there is an immediate loss of infectivity at pH Յ3 and a higher decay rate at pH 4.5 than at pH 6 and 7.5 (19) . Sensitivity to pH might differ between phages, and each bacteriophage should be characterized independently (46) . Furthermore, the pH in the stomach of the rainbow trout has been shown to increase from pH 2.7 to 4.9 within 1 h after the ingestion of a meal (29) . The pH in the stomach of the fish in this study was most likely low (around pH 3), since feeding of the fish stopped 24 h prior to phage addition. Compared with phage administration by bath and oral intubation, administration with feed is thought to provide protection of the phages by increasing the pH in the stomach. Protection of the phages by an antacid that neutralizes the stomach acidity or by microencapsulation would likely result in a higher fraction of the phages passing the stomach and reaching the target organs (47) . Administration of phages via feed is the only method that allows easy continuous delivery of phages to the fish, while it also involves less stress and handling of the animals than the methods used in experiment 1 and the parenteral route (23) . The constant density of phages maintained in the intestine and the spleen that was found in this study after feeding with phage-coated feed indicated that this delivery method compensated for the rate of phage decay in the organs investigated. Increasing the phage concentration on the feed should thus, in theory, result in an accumulation of phages in the organs, and thus, potentially, a more efficient treatment (36) .
The results suggest continuous feeding with phage-coated feed as an ideal administration method for prophylactic treatment against F. psychrophilum infections, since the resulting constant, high abundances of phages in the fish could offer protection at the early stage of infection. Since the loss of appetite in fish is one of the clinical signs of RTFS (9), prophylactic treatment is the most promising method. The continuous delivery of phages into a system could, however, lead to inactivation of the phages by the adaptive immune defense mechanisms, which would require changing the phage or mixture of phages over time (31) . Since outbreaks of RTFS often occur within the first months of feeding, when the immune system of the trout is not yet fully developed (9, 48) , Table 4 . phage inactivation by this mechanism likely plays a minor role in rainbow trout fry, as also indicated in the current study. Phage survival on feed. Another promising prospect is the ability of the phage tested (FpV-9) to tolerate long periods of desiccation on the feed and still maintain high infectivity (19) . To secure a low phage degradation rate on the feed, it is vital that the storage conditions be optimal, which was found to be the case at Ϫ80°C, where 60% of the phage remained infective after 8 months of storage, in contrast to the 10% survival rate found after storage at 5°C for the same period. These results are consistent with previous studies in which long-term storage in glycerol at Ϫ80°C proved to be an effective option for phage survival (19) . The observed loss of infective phages on the feed over time could be explained by nonspecific adsorption to the surfaces of the feed particles (2, 19, 34) . Phage degradation needs be tested at Ϫ20°C, since this is a more realistic storage temperature for the industry. These results are important if phage-coated feed is to have a commercial future.
Future perspectives. In this study, we have shown that F. psychrophilum phage FpV-9 administered via the oral route could successfully reach the target organs investigated in juvenile rainbow trout. The results emphasize that phage administration via phage-coated feed successfully maintains a constant phage density in target organs. More research is needed, however, to optimize phage concentrations and protection on feed pellets, as well as to increase the site-specific delivery of phages, e.g., by development of phage formulations (23) . The next step will be experimental challenge of rainbow trout with F. psychrophilum, where the effect of phages administered with the feed will be investigated. In addition to prophylactic treatment, it would be highly relevant to investigate different feeding regimens, as well as the administration dose, since this seems to be a critical factor in oral phage therapy.
